Exposure to loud sound causes cochlear damage resulting in hearing loss and tinnitus. Tinnitus has been related to hyperactivity in the central auditory pathway occurring weeks after loud sound exposure. However, central excitability changes concomitant to hearing loss and preceding those periods of hyperactivity, remain poorly explored. Here we investigate mechanisms contributing to excitability changes in the dorsal cochlear nucleus (DCN) shortly after exposure to loud sound that produces hearing loss. We show that acoustic overexposure alters synaptic transmission originating from the auditory and the multisensory pathway within the DCN in different ways. A reduction in the number of myelinated auditory nerve fibers leads to a reduced maximal firing rate of DCN principal cells, which cannot be restored by increasing auditory nerve fiber recruitment. In contrast, a decreased membrane resistance of DCN granule cells (multisensory inputs) leads to a reduced maximal firing rate of DCN principal cells that is overcome when additional multisensory fibers are recruited. Furthermore, gain modulation by inhibitory synaptic transmission is disabled in both auditory and multisensory pathways. These cellular mechanisms that contribute to decreased cellular excitability in the central auditory pathway are likely to represent early neurobiological markers of hearing loss and may suggest interventions to delay or stop the development of hyperactivity that has been associated with tinnitus.
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auditory brainstem | fusiform cell | parallel fiber | deafness | whole-cell patch I t is well established that exposure to loud sound causes damage to the cochlea and results in an elevation of hearing thresholds (1) often accompanied by a reduction of auditory nerve (AN) firing rate (2) (3) (4) . Although peripheral cellular mechanisms contributing to hearing loss have been thoroughly described (5) (6) (7) (8) (9) (10) (11) , mechanisms in the central auditory system involved in the early stages of hearing loss following acoustic overexposure (AOE) are poorly understood. The dorsal cochlear nucleus (DCN) is one of the first relays within the central auditory pathway (12) . Hyperactivity in the DCN has been reported weeks after AOE in vivo and in brain slices and has been correlated with tinnitus (13) (14) (15) . Our recent study showed the presence of bursts in DCN fusiform cells (FCs) just a few days after AOE (16) . Therefore, the aim of the current study was to investigate synaptic transmission at this early time point after AOE and determine whether changes in auditory or multisensory (MS) inputs to FCs might contribute to the altered excitability in the DCN. We postulate that changes following AOE could represent the earliest modifications of the central auditory pathway preceding the later development of DCN hyperactivity and tinnitus. DCN FCs integrate the acoustic information from AN fibers with MS signals transmitted via granule cell axons (parallel fibers) (17) (18) (19) . DCN granule cells and their parallel fiber axons represent a site of integration of multimodal sensory inputs such as the trigeminal ganglion (20) , the spinal trigeminal nucleus (21) , the pontine nucleus (22) , the cuneate nucleus, the gracile nuclei (23, 24) , and the raphe nucleus (25) . These inputs are likely to encode proprioceptive information on the position of the ears relative to the sound source (26) and/or the suppression of bodygenerated sounds or vocal feedback (17, 27, 28) . Responses of FCs are further shaped by feed-forward inhibition, mainly through inhibitory tuberculo-ventral cells activated by AN fibers and cartwheel cells activated by parallel fibers (17, (29) (30) (31) . Consequently, the changes in intrinsic excitability and spontaneous activity of FCs following AOE (16) may arise as a consequence of specific changes occurring along the AN and the MS pathway after AOE. The way in which a neuron processes signals can be captured by its transfer function or its input-output relationship (32) . Modulation of excitability changes the shape of this relationship, thereby affecting either the slope (or gain) or its maximum (33) (34) (35) . We therefore used FC transfer functions to target central excitability changes after AOE. Our experimental and computational modeling studies show that synaptic excitability is down-regulated in FCs during hearing loss, at the early stages following AOE, and that the underlying cellular mechanisms are specific to the AN and MS synaptic inputs.
Results

Acoustic Overexposure Induces Hearing Threshold Elevations and
Decreases FC Excitability. We assessed the effects of AOE on auditory brainstem responses (ABR) for frequencies varying from 8 to 30 kHz. Wistar rats aged 15-18 d were subjected to 110 dB sound pressure level (SPL), 14.8 kHz for 4 h, and ABR were recorded 3-4 d later. There were no changes in ABR threshold and latencies measured at day 0 and day 3-4 in control animals ( Fig. S1C and Table S1 ). We found that shifts of hearing thresholds of 20-30 dB SPL were observed for frequencies above the frequency used during the AOE protocol ( Fig. S1 A-C) whereas wave 1 and 2 latencies were unaffected (Tables S2 and  S3 ). ABR threshold shifts were temporary as they recovered after 3 mo (Fig. S1C) . Whole-cell current clamp recordings from DCN FCs in vitro were then performed at a similar time (3-4 d) after AOE or after a sham procedure with anesthesia only (unexposed). Excitatory post-synaptic potentials (EPSPs) and action potentials (APs) could be elicited in FCs after stimulating the AN in the DCN deep layer (19, 36, 37) (SI Methods and Fig. 1 A-C) or MS inputs in the DCN molecular layer (37, 38) (Fig. 1 D-F) . AOE led to reduction of the EPSPs evoked by AN and MS input stimulations [from 8 ± 1 mV (n = 5) to 4 ± 1 mV (n = 6) in unexposed conditions and after AOE, respectively (P < 0.01, unpaired t test) (Fig. 1B) and from 6 ± 1 mV (n = 8) to 1.5 ± 0.5 mV (n = 6) in unexposed conditions and AOE, respectively (P < 0.01 unpaired t test) (Fig. 1E) ]. Furthermore, after AOE, stimulation of the AN inputs was unable to trigger APs even with higher stimulating voltages ( Fig. 1C and Table S4 ). By contrast, APs could be elicited by stimulation of the MS inputs after AOE, but higher stimulating voltages were then required (Fig. 1F ).
AOE Reduces FC Maximal Firing Rate upon AN Stimulations and
Decreases the Number of Myelinated AN Fibers in the Cochlea. Inputs to FCs were stimulated over a range of frequencies (10-100 Hz) and intensities (from threshold to suprathreshold voltages ranging from 20 to 50 V) to proceed to a temporal and spatial recruitment of the EPSPs, respectively. FC input-output relationships were quantified by fitting the data to Hill-like equations (39, 40) and by measuring the change in the slope and in the maximal firing rate (SI Methods). Whereas single stimuli of AN inputs were unable to trigger APs in FCs after AOE, firing could now be evoked by trains of stimuli ranging from 10 to 100 Hz. Input-output functions were performed by increasing stimulus voltage to recruit AN fibers and allow fiber recruitment at suprathreshold voltages ( Fig. 2A and Fig. S2A ). FC maximal firing rate following AN input stimulation was reduced from 85 ± 7 Hz (n = 5) to 49 ± 6 Hz (n = 5); P < 0.05 after AOE ( Fig. 2A, blue) . This was observed at similar threshold ( Fig. S2 A and B) and suprathreshold ( Fig. 2A and Fig. S2 A and B) stimulating voltages. These data were reproduced using a Leaky Integrate and Fire model implemented in MATLAB (Mathworks) (SI Methods, Fig. 2A , and Table S5 ), and the effects of AOE on the FC transfer function following AN stimulation were reproduced by reducing the number of available AN fibers by ∼50%. We subsequently used transmitted electron microscopy (TEM) (SI Methods) to test whether AOE led to a demyelination of AN fibers giving rise to the "unrecoverable" deficit in AN transmission observed by increasing stimulus voltage (Figs. 1C and 2A). In unexposed animals, 90 ± 5.0% (n = 10) of AN fibers within the cochlea were myelinated whereas the remaining 10.4 ± 5.0% (n = 10) were non-myelinated. This was consistent with the proportion of type I myelinated and type II non-myelinated AN fibers described in previous studies (41) . The total number of AN fibers remained unaffected after AOE [50 ± 6 per 400 μm 2 (n = 8) in the unexposed condition and 49 ± 7 per 400 μm 2 (n = 8), P > 0.05]. However, the proportion of myelinated AN fibers decreased by about half after AOE [to reach 50 ± 1.5% of control levels (n = 10), P < 0.001 ( Fig. 2B) ], and this effect was specifically observed at the base of the cochlea involved in processing high-frequency sound (42, 43) . Conversely, the proportion of non-myelinated AN fibers increased by about a factor of 4 at the base of the cochlea [to reach 50 ± 3.1% of the total number of AN fibers (n = 10), P < 0.001]. After AOE, the internal diameters of myelinated and nonmyelinated AN fibers at the base were similar [1.60 ± 0.11 μm (n = 32) and 1.57 ± 0.10 μm (n = 32), respectively; P > 0.05], indicating that there is loss of myelin around type I fibers, giving them the appearance of type II fibers. When a 50% reduction in the number of myelinated AN fibers was implemented in the model, it reproduced the transfer function obtained after AOE ( Fig. 2A) . This suggests that the decreased excitability evoked by AN inputs as well as the reduced EPSP amplitudes (Fig. 1B ) are due to a lower proportion of myelinated AN fibers within the cochlea after AOE. Both ABR thresholds (Fig. S1C) and percentage of myelinated AN fibers (Fig. S1D and Table S6 ) recovered 3 mo after AOE. In conclusion, after AOE, FCs were unable to fire at frequencies exceeding 50 Hz, due to a reduced number of conducting AN fibers. This accounts for the apparent deficit in FC excitability, which could not be restored by increasing AN input stimulation. Movie S1 models the firing times of the FC stimulated at 50 Hz by AN inputs and shows a notable decrease in firing frequency at threshold and suprathreshold voltages after AOE.
AOE Reduces FC Maximal Firing Rate upon MS Input Stimulation and
Decreases Granule Cell Membrane Resistance. In contrast to AN stimulation, the FC maximal firing rate following MS input stimulation was completely preserved at suprathreshold stimulating voltages with FCs still capable of firing 88 ± 9 Hz (n = 6) Hz after AOE [versus 93 ± 11 Hz (n = 6) in an unexposed condition ( Fig. 2C and Fig. S2 C and D) ]. However, when MS inputs were stimulated at threshold voltages to induce minimal fiber recruitment, the FC maximal firing rate was significantly reduced after AOE [from 45 ± 11 Hz (n = 6) to 16 ± 6 Hz (n = 6), P < 0.05 ( Fig. 2D and Fig. S2 C and D) ]. As previously, these data could be reproduced using the Leaky Integrate and Fire model, but in this case a good fit required the membrane resistance of the MS inputs to be reduced by half (Fig. 2 C and D and Table S7 ) without changing their total number, in contrast to the above results. As MS inputs to DCN FCs are carried by granule cell axons (44), we directly recorded from DCN granule cells to characterize their passive and active membrane properties. Granule cell spontaneous firing rate was unaffected by AOE ( Fig. S3 and Table S8 ). Nevertheless, we found that AOE decreased their membrane resistance [from 1.9 ± 0.3 GΩ (n = 7) to 1.1 ± 0.2 GΩ (n = 10), P < 0.05 ( Fig. 2E) ], which led to more hyperpolarized resting potentials [from −43 ± 4 mV (n = 7) to −57 ± 4 mV (n = 10), P < 0.05 (Fig. 2E) ]. Membrane resistance values implemented in the model allowed the reproduction of the transfer functions obtained in control conditions and after AOE ( Fig. 2 C and D and Table S7 ). The reduction of granule cell membrane resistance after AOE is consistent with values implemented in the modeling. Moreover, we found that the granule cell firing gain was decreased after AOE [from 2.5 ± 0.4 Hz/pA (n = 10) to 1.4 ± 0.2 Hz/pA after AOE (n = 9), P < 0.05 ( Fig. 2E) ], and this explains the FC decreased excitability at threshold voltages. However, after AOE, granule cell maximal firing remained unaffected (Fig. 2E) , which explains how the FC maximal firing rate was preserved at suprathreshold stimulating voltage (when granule cells were firing at their maximal rate). Movie S1 models the firing times of the FC stimulated at 50 Hz following MS stimulation. The firing (beat) frequency is decreased at threshold voltages, whereas it is preserved at suprathreshold voltages. This contrasts to AN firing frequency after AOE where the firing frequency is decreased at both threshold and suprathreshold voltages. MS inputs (n = 5-6) were stimulated, and experimental and model data were fitted as described in A. Firing frequencies were measured at suprathreshold (C) and threshold (D) stimulating voltages. (E) Traces represent the granule cell firing in response to 1-s, 30-pA step current injections in unexposed condition (black) and after AOE (blue). Transfer functions for the two cells are shown. Histograms show that AOE decreases the granule cell membrane resistance and firing gain, leaving the maximal firing frequency unaffected (n = 9-10 per condition). Granule cell resting potentials were more hyperpolarized after AOE. *P < 0.05, **P < 0.01, ***P < 0.001: unpaired t tests.
important component of neural computation (34, 35) . Inhibitory synaptic transmission changes the slope of the input-output relationships, thereby modulating the gain of the cell transfer function (40, 45) . We subsequently studied whether inhibitory synaptic transmission controls gain modulation in the DCN. Both AN and MS synaptic inputs activate inhibitory interneurones projecting onto FC basal and apical dendrites, respectively ( Fig. 3 A and C) (17) . FC transfer functions (following AN and MS stimulation) were obtained in control medium or in the presence of strychnine and gabazine (to block inhibitory synaptic transmission) and changes in the slope (gain) were quantified. We found that inhibitory synaptic transmission was most effective while stimulating AN inputs to FCs and decreased the maximal firing rate by twoto threefold (Fig. 3E) . Blocking inhibitory synaptic transmission during AN stimulation also increased the firing gain by about 70% (Fig. 3E) . In contrast, inhibitory synaptic transmission produced only a modest scaling down during MS stimulation at threshold voltages [minimal fiber recruitment (Fig. 3F, Left) ] whereas no changes were observed at higher stimulating voltages (Fig. 3F,  Right) . This was also reflected in the size of the inhibitory postsynaptic potentials (IPSPs), which was doubled when elicited by AN stimulation compared with MS input stimulation ( Fig. 3 B and D, Histograms in black). These data indicate that inhibitory synaptic transmission modulating gain in the DCN occurs mainly via activation of AN inputs.
AOE Disables FC Gain Control by Inhibitory Synaptic Transmission.
Given that EPSPs elicited upon AN and MS input stimulation were down-regulated after AOE and that inhibitory synaptic transmission into FCs is dependent on those inputs, we asked whether inhibitory synaptic transmission is also down-regulated after AOE. To address this question, we measured the IPSPs evoked by AN and MS input stimulation and found that both were significantly decreased [from 4.2 ± 0.7 mV (n = 4) to 1.5 ± 0.3 mV (n = 5), P < 0.01, and from 1.9 ± 0.4 mV (n = 8) to 0.3 ± 0.2 mV (n = 6), P < 0.01, respectively (Fig. 3 B and D) ]. We next examined whether the decreased IPSP size was affecting the transfer function in FCs. We found that, after AOE, inhibitory synaptic transmission failed to modulate the FC firing gain following AN or MS input stimulations (Fig. 3G, Right and H) . Moreover, after AOE, inhibitory inputs reduced the FC maximal firing rate evoked by AN stimulation (Fig. 3G) but not by MS stimulation (Fig. 3H ). Data were reproduced using the Leaky Integrate and Fire model (Fig. S4) employing the same parameters as previously described (Tables S5 and S7 ) and decreasing the strength of inhibitory synapses (to match the down-regulation of IPSPs shown in Fig. 3 B and D) .
Discussion
Reduced auditory nerve activity within the peripheral system after AOE has been previously reported (1, 4, 46, 47) . Our results reveal the cellular mechanisms underlying a decrease of cellular excitability that occurs in the central auditory pathway during the period of initial hearing-threshold elevation triggered by AOE. The major finding of this study is that AN and MS synaptic transmission is differently affected by loud sound exposure. Although we cannot exclude the possibility that deafferentation due to the slicing procedure might lower the synaptic excitability, this is unlikely to be the reason for the effects that we observed after AOE, as we would expect deafferentation to affect excitability similarly in unexposed and exposed conditions. Our EM studies demonstrate that the proportion of AN fibers that were myelinated was reduced by half after AOE, consistent with a loss of efficiency in initiating and propagating action potentials along the AN fibers following electrical stimuli (41) . This correlates with previous morphological studies showing a reduced number of myelinated central processes within the modiolus following deafening (48, 49) . Demyelination of the AN is also reported in sensorineural deafness (42) and has been suggested to play a role in auditory neuropathy (50) , a hearing disorder characterized by absent auditory brainstem responses with preserved outer hair cell function. Myelin disruption results in increased membrane time constants, decreased conduction velocity (51) , and decreased membrane resistance (52, 53) , all of which could lead to conduction block (54) . Conduction block could result in failure of transmitter release at the pathologically unmyelinated AN terminals, and this could explain why FC maximal firing could not be achieved even when stimulating at amplitudes allowing maximal AN fiber recruitment. The loss of action potential propagation along the AN fibers may also explain the auditory brainstem response threshold elevations, similar to AN myelinopathy (50) . As ABR thresholds are affected, this could be due to AN fibers with low threshold and high spontaneous rate being primarily affected (11) .
Concomitant to the effects observed in AN fibers, a decreased membrane resistance contributes to the decreased excitability of granule cells, reducing their synaptic output for a given input, which presumably accounts for the reduced responsiveness of FCs to MS stimulation. However, in contrast to AN fiber activation, granule cell maximal firing frequency was preserved after AOE, which explains why FC excitability to MS input stimulation was preserved although requiring higher stimulating voltages. The selective effects on FC transfer functions at low stimulating voltage were reproduced by our modeling study, which supports the proposal that the change in granule cell membrane resistance was the major contributor to alteration of FC transfer function after AOE. Decreased membrane resistance observed in granule cells could arise through increased function or expression of twopore domain "leak" K + channels that would also account for the hyperpolarized resting potential (55, 56) observed in our study. Further supporting this hypothesis, deafness has been shown to be associated with changes in the expression of two-pore domain K + channels in the cochlear nucleus (57) . Inhibitory synaptic transmission plays a major role in gain modulation within the CNS (40, 45) , and we have shown that this type of modulation also occurs in the AN and MS pathways within the DCN. We have shown that inhibitory synaptic transmission plays a major role in the AN transfer function modulation. We have also found that inhibitory synaptic transmission was ineffective in controlling FC transfer function when stimulating MS inputs with high voltages and that this is likely to be due to the recruitment of excitatory inputs originating from parallel fibers overcoming the effects of inhibitory synaptic transmission. After AOE, inhibition-mediated gain increases were absent following MS and AN stimulations, and this could be explained by the down-regulation of IPSPs recorded in FCs observed in both AN and MS synaptic pathways. A loss of inhibition was also observed following unilateral cochlear ablation (58, 59) , and a decrease in glycine receptor expression in the DCN after AOE has been previously reported (60) . In vivo studies have shown reduced spontaneous activity in the DCN a few days after acoustic overexposure (61). This was then followed at 3 wk post AOE by an elevated activity in the DCN (61, 62) , which has been associated with the perception of tinnitus (14, 63, 64) . The latest computational modeling studies predict that decreased AN activity following damage to the cochlea is then counteracted by an increase of the response gain of neurons in the DCN, which restores the mean firing rate but also leads to hyperactivity in the DCN (65) . The reduced synaptic excitability in DCN FCs observed in the present study could therefore represent a first step in triggering homeostatic plastic adjustments that lead to hyperactivity and tinnitus (14, (64) (65) (66) (67) . Hyperactivity related to tinnitus could result from a simultaneous reduction of AN-mediated transmission and an enhanced MS-mediated transmission (68) and/or a reduction in inhibitory synaptic transmission (58) (59) (60) 67) . Furthermore, the MS input excitability increase observed weeks after AOE (68) could represent a compensatory mechanism to counteract the initial MS-reduced excitability described in this paper. In conclusion, our study shows that excitability changes in the DCN can be mechanistically unraveled and provides insights into neurobiological markers following acoustic overexposure that trigger or result from shifts of hearing threshold. These insights may allow the design of pharmaceutical or other manipulations that could delay or stop the progression to tinnitus following acoustic trauma in humans.
Methods
For detailed information on the animals, ABR, and the neuronal model used, see SI Methods.
AOE. Two sessions of 2 h of AOE (110 dB SPL, 14.8 kHz) were performed at P15-P18, which corresponds to the period after hearing onset (70) See SI Methods for more detailed information.
Whole-Cell Current Clamp Recordings. These recordings were performed from FCs and granule cells in coronal brainstem slices (170 μm) containing the dorsal cochlear nucleus (Fig. S5) .
Statistical Analysis. Data are presented as mean ± SEM, and statistical comparisons were performed by unpaired or paired two-tailed Student's t tests. A significance level of P < 0.05 was adopted throughout.
